with controls) after 30 minutes of direct nerve stimulation using 250-millisecond trains at 100 Hz, at a rate of 110 trains per minute. Duchateau and Hainaut7 extended these findings to the human adductor pollicis muscle. They reported significantly less loss of force (after exercise training) using an electrical fatigue test consisting of 60 repeated tetanies of 1 second duration at 30 Hz delivered at a rate of 30 per minute. Eight healthy untrained subjects exercised daily for 3 months and were tested before and after training; however, no control group was reported.' Duchateau and Hainaut3 subsequently reported that 6 weeks of submaximal training via electrostimulation does not improve human adductor pollicis muscle resistance to fatigue. They found, however, that an equivalent voluntary submaxima1 training program resulted in significantly less muscle fatigue, particularly in the last 30 seconds of a 1-minute electrical fatigue test.8 Unfortunately, again no control group was described.
Based on the results of these studies, it appears that voluntary exercise training in both rat soleus and human adductor pollicis muscles improves the resistance to fatigue during an EEFT. Because these investigators reported different stimulation characteristics, the improvement in fatigue resistance on an EEFT appears to be independent of at least some of the stimulation characteristics (ie, pulse duration and stimulation frequency). A major limitation of these studies was the lack of control groups that either (1) were not performing some type of exercise training or (2) were not the same control group subjects studied prior to exercise training. Though these limitations fail to provide us with conclusive evidence that EEFTs can demonstrate improvements in resistance to fatigue, there may be some value in adapting EEFTs for clinical use.
In our study, we used a construct validation approach to determine whether an EEFT could reflect the adaptations in quadriceps femoris muscles induced by 12 weeks of intense endurance exercise training on a bicycle ergometer. We reasoned that endurance exercise training, at sufficiently high intensities, would recruit and exercise train most muscle fibers (irrespective of fiber type) of untrained quadriceps femoris muscles. Based on previous reports,b.7~9-l1 we expected high-intensity exercise would induce improvements in the oxidative capacity of the quadriceps femoris muscles, thereby improving the fatigue resistance. Therefore, an EEET, if valid, should be able to detect improvements in fatigue resistance resulting from 12 weeks of intense endurance exercise training of the quadriceps femoris muscles.
Our initial research hypothesis was that the percentage of decline in torque produced during an EEFT would be less after a 12-week program of intense endurance exercise training compared with the percentage of decline in torque of control group subjects who did not exercise. Additionally, we hypothesized that the percentage of torque decline after inducing "acute" fatigue by voluntary exercise would be greater than the percentage of torque decline without prior fatiguing exercise, but would be less after 12 weeks of intense endurance exercise training. The null hypothesis was that there would be no differences in the extent of quadriceps femoris muscle torque decline after 12 weeks of endurance exercise training or after inducing acute fatigue by maximal voluntary exercise.
The purpose of our study was to test the hypothesis that changes in quadriceps femoris muscle endurance, induced by 12 weeks of intense endurance exercise training, would alter the percentage of decline in quadriceps femoris muscle torque during an EEFT.
*Quint011 Instrument Co, 3051 44th Ave W , Seattle, WA 98199.
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Method

Subjects
Seventeen subjects (9 men and 8 women) with no known neuromuscular impairment, ranging in age from 22 to 45 years @=28, SD=7.2), volunteered to participate in the study. Eleven of the subjects (6 men and 5 women) agreed to participate in 12 weeks of intense endurance exercise training. Six subjects (3 men and 3 women) agreed to serve as control subjects and did not perform any regular exercise for 12 weeks. Only subjects who were not currently or previously (within past 6 months) participating in regular endurance exercise training were eligible and assigned to a group. None of the subjects had a history of left hip or knee pathology, and none were taking steroidal medication. The control group subjects either were unable to exercise on a regular basis due to time constraints or did not wish to exercise on a bicycle ergometer. All control group subjects, however, agreed to participate in the fatigue tests and assessments of maximal oxygen consumption Cjo,max) before and after 12 weeks of training. Control group subjects also agreed to not engage in any regular endurance or resistance-type exercise for the 12-week duration.
All subjects agreed to participate and signed an informed consent form outlining the procedures. The characteristics of all the subjects prior to the start of the 12 weeks of the study are presented in Table 1 .
Procedure
Determlnation of maximal oxygen consumption. Two days prior to the initial fatigue test, each subject performed a test of vo,rnax on a Quinton model 845 ergometer.* Work rate was increased every 2 minutes by 150 kpm until subjects were unable to continue exercising or maintain a pedal cadence of 60 rpm. The criteria used for determining vo,max were the following: (1) a clear leveling off of oxygen uptake (Vo2) with an in- the vastus medialis muscle distally on the thigh. Electrodes were secured with tape and elastic wrappings. Each subject performed three maximal voluntary isometric contractions (MVICs) of the left knee extensor with a 1-minute rest interval between repetitions. Peak torque (in foot-pounds) was determined from the C y b d dynamometer's dual-channel strip chart recorder using an undamped signal.
Sixty percent of each subject's highest MVIC was calculated and used as the initial target torque to begin the fatigue test. Current from the stimulator was adjusted until the torque of the electrically stimulated knee extension was equal to 60% of the highest MVIC. After a 1-minute rest interval, the left quadriceps femoris muscles were stimulated 50 times using a 5-second-on-2-second-off duty cycle with a 2-second ramp time. The same current intensity was used throughout the test. Torque was recorded continuously for the duration of the test.
Immediately following the 50th knee extension, each subject performed an MVIC to examine the effect of stimulation on the recovery of volitional peak torque.
Five days later, all subjects were given an identical EEFT as just described. Each subject's MVIC was obtained, electrodes were placed, and current intensity eliciting 60% of MVIC was determined. All second tests were conducted within 30 minutes of the time of day of the initial fatigue test to reduce the variability in peak torque measurements. The only difference in administering the second fatigue test was that each subject performed a 1%-minute bout of repeated maximal isokinetic knee extensions at 18O0/s immediately prior to the EEFT. To ensure that a consistent number of contractions were performed during the voluntary exercise, each subject was paced using a metronome set at a rate of 50 extensions per minute.
Immediately following the completion of the exercise bout, the subject's knee was repositioned in 45 degrees of flexion, the dynamometer's speed selector was reset to zero, and the stimulation current was started as previously described.
The rationale for administering the second fatigue test was to determine whether the percentage of decline in quadriceps femoris muscle peak torque changed (ie, increased) when the muscle was acutely "fatigued." We also wanted to examine whether the extent of fatigue resistance after acute fatigue might be altered after 12 weeks of intense endurance exercise training.
After exercise training or no exercise training, all subjects performed two more EEFTs as described previously. Again, subjects were asked to record all dietary intake and times of meals for the 2 days prior to initial test, which occurred 72 hours after stopping exercise training. The second tests were again performed after 5 days at approximately the same time of day. Immediately preceding the second test, subjects performed the same 1%-minute bout of voluntary isokinetic exercise at 180°/s. A single MVIC of the knee extensor was performed immediately after the last stimulated contraction while peak torque was recorded.
Description of Training Protocol
The training protocol consisted of exercising 6 days per week for 45 to 60 minutes per day at an intensity of 70% to 90% of vo2max for 12 weeks. All subjects were untrained and unfamiliar with bicycle ergometry at the start of the 12-week training period. Subjects exercised the majority of time at work rates requiring 70% to 80% of vo2max during the initial 3 weeks. During weeks 4 through 6, work rates were adjusted to intensities requiring 80% to 85% of the subjects' vo2rnax, and during weeks 7 through 12, the majority of each exercise session was spent at work rates of 85% to 90% of vo2rnax. In the last 6 weeks (ie, weeks 7-12), subjects also performed interval training during two to three of their weekly exercise sessions. Interval training consisted of performing four to five 3-minute bouts of exercise at an intensity that elicited near-maximal VO, (based on achievement of nearmaximal heart rates). The remainder of each exercise session was spent at work rates of 85% to 90% of V0,max.
Work rates were adjusted weekly, based on monitoring heart rate-VO, relationships during an exercise session. This same training protocol has previously been used and demonstrated to induce biochemical and histochemical adaptations in the vastus lateralis muscle consistent with increasing the endurance capacity.lOJ1 All subjects were able to tolerate the exercise sessions well, as none of the subjects withdrew due to injury or excessive fatigue.
Data Analysls
The subjects' physical characteristics (ie, age, body weight, vo,max, and resting heart rate) at the start of the study were analyzed using t tests for independent samples. The ~o , m a x values before and after 12 weeks of exercise training in the exercise and control groups were analyzed using a 2 x 2 mixed analysis of variance (ANOVA).
Based on previous work with this electrical stimulation protocol, we calculated each subject's percentage of decline in torque in order to compare individual responses. We calculated the percentage of decline in torque (based on the 60% of MVIC target torque) using the mean of contractions 1 through 5, 21 through 25, and 46 through 50 as representative values of fatigue over the test duration. The mean percentage of decline was analyzed with a four-way ANOVA using a mixed design (2 X 2 X 2 X 3). Factor A consisted of the between-groups factor, control group versus exercise training group. Factor B was a repeated-measures factor for time of testing (ie, before or after 12 weeks). Factor C was a repeatedmeasures factor with two levels of fatiguing exercise (ie, with o r without preceding maximal voluntary fatiguing exercise), and factor D was a repeated-measures factor with three levels (ie, the percentage of decline in torque throughout the fatigue test). An analysis of the main effects and all interactions was performed. When significant F ratios were found, post hoc pair-wise comparisons were performed.
The percentage of recovery of peak torque during an MVIC performed immediately after the 50th stimulated contraction was also calculated. Comparisons were made between groups, before and after 12 weeks of exercise training, and with and without fatiguing voluntary exercise using a threeway (2 x 2 x 2) ANOVA, with post hoc pair-wise comparisons where appropriate. The criterion for significance testing was .05.
Subjects in the exercise training and control groups were similar in age, vo,max, and resting heart rates at the start of this study (Tab. 1). The exercise group subjects weighed more than the control group subjects at the start of the study. Maximal oxygen consumption increased an average of 18% in the exercise training group, whereas the control group subjects' ~o , m a x did not change over the 12-week study period (Fig. 1 ).
The results of the four-way ANOVA are summarized in Table 2 . The percentage of decline in peak torque of contractions 1 through 5, 21 through 25, and 46 through 50 in the control and exercise groups before and after endurance training on the initial EEFT are summarized in Table 3 
BEFORE AFTER
were no group differences in the mean percentage of decline in electrically elicited muscle torque immediately after 1% minutes of voluntary exercise either before or after the 12-week study period. Though no group differences were demonstrated before o r after the 12-week period, there was a greater percentage of decline in electrically elicited torque (main fatiguing exercise effect) at each mean contraction number for both groups after fatiguing voluntary exercise compared with no prior fatiguing exercise (compare panels a and b and panels c and d in Fig. 2 ). Therefore, a greater percentage of decline in electrically elicited torque was observed in both groups before and after the 12-week period on the EEFT following maximal volitional exercise (Tabs. 3 and 4). served as the EEFT progressed. The percentages of decline in electrically elicited torque (main contraction number effect [factor Dl) were all different from each other for both groups and both sets of fatigue tests. 
Discussion
The 12-week program of intense endurance exercise training on the bicycle ergometer resulted in substantial, though anticipated, improvements in vo2max. We are confident the quadriceps femoris muscles of the exercise subjects underwent biochemical and histochemical alterations consistent with improvements in quadriceps femoris muscle oxidative capacity from endurance exercise. Because bicycle ergometry was unfamiliar to all the exercising subjects before training, quadriceps femoris muscle fiber contractions would likely predominate during such an intense lower-extremity activity and presumably result in large increases in oxidative as well as glycolytic enzymes. Furthermore, an identical training program used in previous reportslo." resulted in demonstrable increases in oxidative capacity of the same muscle groups.
The lack of decrease in the percentage of clecline in torque (fatigue resistance) during electrically elicited muscle contractions after exercise training was somewhat surprising. We initially hypothesized that the percentage of decline would be less after exercise training, because the muscles would become more fatigue-resistant. This premise was not confirmed by the results of this study. These results are in contrast to the findings of Duchateau and Hainaut,7v8 who demonstrated smaller decrements in force during an EEFT after exercise training. Several major differences in the methods of stimulation, stimulation characteristics, muscles studied, and training protocols make direct comparisons of these previous findings with our results difficult.
In addition, we believed initially that the mean percentage of decline in torque elicited via stimulation would be greater after fatiguing voluntary exercise, which was demonstrated by these results. These findings imply that the EEFT is able to detect acute muscle fatigue induced by volitional exercise.
The mean percentage of decline in electrically elicited torque after inducing acute fatigue, however, did not change as a result of endurance exercise training. Inducing acute fatigue resulted in virtually identical declines in torque as before training in both groups, suggesting a similar activation of a select type and amount of quadriceps femoris muscle fibers. Based on the known differences between voluntary and electrically elicited muscle contractions,l+l5 we believe these results are due to the selective activation of predominantly fast-twitch muscle fibers within the field of stimulation. In addition, the superficial arrangement of type I1 skeletal muscle fibers within the muscle16~17 may increase the susceptibility of type II muscle fiber activation during highfrequency percutaneous electrical stimulation as used in this study. We believe the results of this study have several practical implications for the assessment of human muscle performance by physical therapists. First, high-frequency percutaneous electrical stimulation of skeletal muscles selectively activates muscle fiber types in a manner quite distinct from volitional recruitment. Therefore, changes in muscle fiber activation order should be considered when studying potential causes of "physiological" fatigue using electrical stimulation. Second, improvements in local quadriceps femoris muscle endurance induced by intense endurance exercise training are not reflected in decrements in torque (force) caused by electrical stimulation. The extent or rate of decline in torque with repeated contractions is not a sufficiently responsive measure of endurance exercise training-induced changes in the local muscle. Whether or not exercise programs consisting primarily of resistance training or anaerobic training would change the percentage of torque decline on an EEFT is currently unknown and awaits future study.
Based on the results of our study, a decline in peak torque is not altered by electrical stimulation, although the recovery of volitional muscle peak torque was improved. The recovery of force, therefore, may be a more responsive measure of endurance adaptations in healthy individuals following muscle contractions induced by electrical stimulation. Physical therapists interested in assessing various aspects of quadriceps femoris muscle performance may still find EEETs useful. Presumably, EEFTs may assess changes in glycolytic pathways of the fast-twitch muscle fiber pool in response to resistance exercise pr0grams.~5
Limitations
Our sample consisted only of subjects with healthy quadriceps femoris muscles. Therefore, the results of this study should not be generalized to subjects with muscle weakness, particularly when peak torque output is initially diminished or likely to fluctu-ate between testing sessions. Our rationale for using the percentage of decline in peak torque (ie, as a percentage of initial peak torque) as our dependent measure is predicated on obtaining a consistent torque output during an MVIC. Before and after the 12-week period, the initial torque outputs were not significantly altered. Therefore, we are coddent that the use of percentage of decline in torque does not represent differences in initial torque outputs and is unlikely to have masked any differences in absolute torque outputs between the groups.
We also used a stimulation unit commonly found in rehabilitation settings in an effort to improve the potential application of the test. Stimulation and current characteristics selected in studies using animal preparations (eg, Burke's fatigue test26) or other studies6 were not an option on the stimulator used in our study. Therefore, we urge caution in generalizing our findings to other stimulation characteristics that may demonstrate endurancerelated adaptations. In previous studies, only select contractile properties of the muscle have been found to change as a result of endurance exercise training, whereas peak rates of tension development during a maximal tetanic contraction remained unaltered.6 Some other studies using animal preparations,lZ however, have demonstrated a decline in force similar to that found in our study.
Finally, our sample size was small, and there is a possibility of a type I1 error (ie, failure to reject the null hypothesis when it is false). In lieu of our decision to fail to reject the null hypothesis as a major finding, any type I1 error would argue for finding less percentage of decline in torque in the exercise training group as a result of exercise training, which is not supported by our findings (Figs. 2c  and 2d ). Nevertheless, we performed a power analysis of the mean percentage of decline in torque throughout the fatigue test after exercise training (data depicted in Fig. 2c ). We selected this data set for our power analysis because the group means appeared most different and a conservative estimate would therefore be generated. Our analysis indicates that in order to raise the power of our findings to 80% (or decrease the probability of committing a type I1 error to 20%), 44, 96, and 82 subjects would be required, respectively, at each of the three representative mean contractions depicted in Figure 2c . With our limited sample size, there remains the possibility that the groups differed in the percentage of decline in torque after 12 weeks of exercise training. Our coddence, however, in not committing a type I1 error would be considerably reduced by a larger sample size.
lowed by electrical stimulation was improved by intense endurance exercise training.
We interpret these findings to imply that EEFTs are assessing predominantly type I1 muscle fibers, which are more apt to be activated with highfrequency percutaneous stimulation. training effect, the EEFT may not be 2844-2849. an assessment of the entire auadri-12 Barclay CJ, biselle DS. Dependence of ceps femoris muscle fiber pool, but rather a select representation of type I1 skeletal muscle fibers within the field of stimulation.
Only the recovery of volitional isometric torque after all (or a significant number) of the muscle fibers had been exhausted by a preceding bout of maximal voluntary exercise fol- In this siudy, the authors evaluated the effect of a 12-week bicycle ergometer endurance exercise training regimen on the ability of an electrically elicited fatigue test to detect changes in subjects' torque-generating capacity.
The results revealed significant improvement in maximal oxygen consumption, with no significant improvement in peak torque decline during the electrically elicited fatigue test. The authors predicted that the increase in oxygen consumption was likely accompanied by improvements in the quadriceps femoris muscle's oxidative capacity, a measurement of endurance. In light of the improvement in endurance, there was no demonstrable improvement in the ability of the electrically elicited fatigue test to detect improvement in maximum torque-sustaining capability. The results were interpreted in terms of the electrical stimulation selectively activating fast-twitch muscle fibers. By assessing predominately fast-twitch muscle fibers, the fatigue test was not able to detect exercise-induced training effects in the muscle fibers (slowtwitch fibers) that were likely responsible for the enhanced endurance.
Two issues that I would like to raise focus on the postulating of a selective activation of fast-twitch muscle fibers as the most likely factor responsible for these results. The first issue concerns difficulties in predicting the sequence of muscle fiber activation induced by percutaneous electrical stimulation. The authors state, " . . .
we believe these results are due to the selective activation of predominantly fast-twitch muscle fibers within the field of stimulation." It is therefore assumed that the electrical stimulation induced a pattern of muscle fiber recruitment of fast-twitch (type IT) to slow-twitch (type I) fibers. Although there are supportive data for such a sequence,' controversies remain. For example, Knaflitz and colleagues2 have reported mixed findings whereby in over half of their 33 experiments using percutaneous stimulation of the tibialis anterior muscle, motor unit recruitment was demonstrated in an order similar to voluntary contraction (type I followed by type IT). In the remainder of the experiments, either the order of activation was reversed or the results were inconsistent with an order. More recently, Binder-Macleod3 has reported that the order of activation for percutaneous stimulation seems to be random. It appears, therefore, that future experiments must focus more critically on examining recruitmentorder effects with percutaneous stimulation, particularly with the stimulation paradigms commonly used in Dr Kukulka urges us to be cautious quantify the exact number because of simulate the intensity of exercise about prematurely jumping to the the limited sample of muscle fibers training at or above the percentage of conclusion of a selective activation of obtained from the biopsy. initial maximal voluntary isometric type I1 muscle fibers as the entire contraction (MVIC) to start each faexplanation for our results. There are,
Having found evidence for a selectigue test. By doing so, we assumed however, several compelling reasons tive activation of type I1 muscle that a large number of quadriceps why we came to this conclusion. The fibers, it seemed likely that this femoris muscle fibers would be actifirst reason is that we performed a played a role in the results we obvated in both the testing and exercise preliminary study using the identical tained in the present study. Simiconditions. Therefore, any differences stimulator and stimulation protocol larly, because most of the endurance in torque output would likely result on a single subject in order to deterexercise-induced training adaptafrom alterations in recruitment order. mine the order of muscle fiber activations are known to occur in type IIa We acknowledge that not all metation during electrical stimulation of (fast-twitch, oxidative-glycolytic) bolic and mechanical differences (ie, this type.] In that study, we used the muscle fibers as well as type I velocity-dependent effects) were time-honored glycogen depletion (slow-twitch) muscle fibers, we hystrictly controlled; therefore, they method on muscle fibers obtained pothesized that the electrically elicremain distinct possibilities. from biopsy of the vastus lateralis ited fatigue test should detect muscle (as representative of the enchanges in the stimulated torque Dr Kukulka points out that there may tire quadriceps femoris muscle). We levels following training. Obviously, be alternative explanations for our sampled the same muscle immedithe major finding of our study was findings. various fatigue protocols; however, they may not be true for muscles such as the quadriceps femoris muscle and the type of stimulation used in the present study. Harris et a14 determined that phosphocreatine (PCr) depletion immediately after 6 minutes of maximal, dynamic exercise on a bicycle ergometer was virtually identical to an isometric contraction of the quadriceps femoris muscle sustained at 66% of MVIC for 40 to 55 seconds. Both modes reduced the total PCr pool of the vastus lateralis muscles by 15% to 16% of their initial levels. Interestingly, several studies57 have shown that the recovery of maximal force output closely parallels the resynthesis of PCr.
We have recently accumulated evidence that the rate of force decline over the initial 60 seconds of both a torque per second) and comparing the data with the slopes calculated from all 17 subjects in the present study, we found that the slopes are not statistically different (Figure) . This finding implies that when the overall time of the muscle contractions is held constant, the rate of decline is similar between two different modes of fatiguing contractions in the quadriceps femoris muscle. As pointed out by Dr Kukulka, this similarity is in contrast to the findings of Jones,2 which suggest that dynamic exercise is more fatiguing, with a greater decline in force output (ie, slope). Based on our analyses, we are not convinced that our results can be entirely explained by differences in testing and exercise training methods or the underlying metabolic processes. mediately after dynamic exercise (compared with no previous dynamic exercise) in both groups of subjects, although there was no difference between the groups. Because the quadriceps femoris muscles of both groups would be maximally potentiated and acutely fatigued to nearly 50% of initial output or greater, we would have anticipated more fatigue in the control group compared with exercise-trained group. The fact that our isometric testing mode (electrical stimulation) was able to detect acute changes in fatigue induced by dynamic muscle contractions led us to conclude that any differences in isometric and dynamic modes were not the major reason for our inability to detect endurance exercise-induced training adaptations. The likelihood of our isometric testing mode underestimating dynamic exercise is remote. We therefore sought an alternative explanation, namely a selective aaivation of type I1 muscle fibers using the clinical stimulator and protocol described.
Regardless of the explanation underlying our findings, we maintain that some electrically elicited fatigue tests and fatigue measures are not sufficiently responsive for detecting endurance exercise-induced training adaptations. We suggest that clinicians consider alternative measures that better reflect training-induced adaptations in neuromuscular fatigue. Physical. Therapy /Volume 74, Number 10/0ctober 1994 941 / 49
